Summary
Large differences were found in the numbers of facultatively anaerobic Gram-negative bacteria in the gastrointestinal tract of mice from 3 major specific pathogen free (SPF) units in Australia. The species isolated also differed between mouse colonies.
In one unit the presence of Enterobacter cloacae was found to dramatically influence the survival of mice following total body irradiation. This finding conforms with previous studies which have shown the influence of variation in gastrointestinal micro biota on the immune system and on susceptibility to infection.
Given that the presence or absence of Enterobacteriaceae in the intestines of mice under investigation may influence experimental results, researchers using SPF rodents are encouraged to determine the baseline loading of these bacteria in their animals. Where results of immunological or irradiation studies from different colonies are likely to be compared, the enterobacterial status of the colony being used should be reported.
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Specific pathogen free (SPF) animals have been recommended by the National Health and Medical Research Council and the Commonwealth Scientific and Industrial Research Organization as the animals of choice for biomedical Received 12 July 1987 . Accepted 27 January 1987 research (NH&MRC-CSIRO Code of Practice, 1983) . These animals have been defined by the International Committee on Laboratory Animals (ICLA, 1964) as 'animals that are free of specific microorganisms and parasites but not necessarily free of others not specified'.
SPF animals are derived from germfree stock or obtained by caesarian delivery under aseptic conditions. They are maintained under barrier conditions with sterile diet, water and bedding and cared for by skilled technical staff. The establishment of a standardized microbiota is achieved by either seeding germfree animals with known starter cultures, or by introducing the animals into an established SPF unit where they attain their micro biota through association with other animals, or by allowing them to acquire it naturally in the barrier environment.
The main problem that faced early workers, and is still prevalent today, was to determine which organisms were required to achieve a stable microbiota in SPF animals. Pure cultures from the intestinal flora of conventional animals were fed to germfree animals to determine whether some of the characteristics of the germfree animals could be normalized. Thus it was found that the enlarged caecum, characteristic of germfree mice, was reduced when the animals were inoculated with Clostridium sp. (Christie et 01., 1968; Pesti et 01., 1969) . With greater understanding of the ecology of the gastrointestinal tract and the development of techniques for culturing strict anaerobes, the methodology has changed. Mixtures of up to 100 anaerobes and facultative anaerobes (Freter & Abrams, 1972; Itoh & Mitsuoka, 1980) , whole caecal contents (Berg & Garlington, 1979) , and organisms of human origin (Hazenberg et al., 1981) have all been employed in attempts to produce SPF animals.
This ongoing work was required to produce animals with a high level of colonization resistance (CR), a term coined by van der Waaij et al. (197I) to describe the mechanisms controlling the microbial colonization of the gastrointestinal tract. The normal anaerobic micro biota of the gut was known to be one of the factors responsible for resistance of animals to colonization with Enterobacteriaceae.
Though a solution to these problems has not yet been found, SPF colonies have been established that provide satisfactory animals for biomedical research. Unfortunately, the maintenance of such units for long periods of time is very difficult to achieve. Many cases have been reported of the colonization of SPF animals with various Enterobacteriaceae (Simpson & Simmons, 1976; LACA, 1979) and occasionally pathogens such as Pasteurella pneumotropica (Deerberg & Pitterman, 1978; Nakagawa et al., 1984) .
While some aerobic or facultatively anaerobic Gram-negative rods have been accepted as not interfering with the suitability of the animals for research, others such as Pseudomonas sp. and Proteus sp. have been shown to have adverse effects under certain experimental conditions (Trentin et al., 1966; Simpson & Simmons, 1976) .
Problems encountered in total body irradiation (TBI) experiments using SPF animals from a major establishment in Australia resulted in us undertaking an extensive survey of the microbiological quality of the animals from this unit and subsequently other units in Australia. The loading of facultative anaerobes between SPF units and within a unit was found to vary considerably. Experiments were performed to illustrate the effect this variability could have on radiobiological experimentation.
Materials and methods

Animal colonies
Two major SPF establishments in different capital O'Rourke, Lee & McNeill cities were examined. The second establishment consisted of two separate areas that were maintained by different staff.
Unit 1 was from the first establishment and had 6 rooms housing several rat and mouse strains. A total of 262 BALB/c and BALB/c nude mice from 4 rooms were examined in 5 surveys between 1980 and 1984. This unit was originally established in 1972with germfree mice, and the microbial flora had been allowed to colonize the animals naturally. During the course of this study, in 1983, one of the individual rooms was closed down, resterilized and a new colony established.
Unit 2 was from the second establishment and had 5 rooms housing up to 50 strains of mice. We examined mice from each of the rooms and the strains involved were BALB/c ANBradley Wehi, CBA/CaH Wehi, C57BL/6J Wehi, CBA nude, A.TH, A/J Wehi. Unit 3 was also from the second establishment, with a similar layout, however it contained only the 3 major strains (BALB/c, CBA and C57BL) produced by this establishment.
A total of 128 mice from unit 2 and 120 mice from unit 3 were examined in 3 surveys from 1982 and 1984.
Unit 2 was established in October 1974. Unit 3 was originally established in October 1973, but was later closed down, the rooms resterilized and new colonies -setup in December 1980. Germfree mice seeded with 2 species of lactobacilli were used to establish the initial and later colonies at establishment 2.
Microbiological investigation
Mice were killed by cervical dislocation and approximately O' 5 g of ileum, caecum and large bowel were aseptically removed and placed in 4, 5 ml of double strength MacConkey Broth (Oxoid) with glass beads. These broths were vigorously homogenized and serial loop dilutions (Schaedler et al., 1965) were plated onto MacConkey Agar (Oxoid) and incubated aerobically at 37°C for 24 h. The homogenates were also incubated under the same conditions. This provided an enrichment culture of the tissue which was examined as follows: homogenates corresponding to plates showing no growth were subsequently cultured to detect the presence of organisms at levels lower than 10 3 organisms per gram, the limit of detection of the initial culture. Faecal specimens, where available, were placed in I ml of double strength MacConkey broth and treated as the above samples.
The presence of coliform bacteria on Mac-Conkey agar was recorded. These organisms were classified as Gram-negative rods showing lactose fermentation.
Representative coliforms were identified using API 20E (API System S.A.) as were any nonlactose fermenting colonies.
Irradiation experiment
Two groups of 10 SPF mice obtained from unit I, and two groups of 10 Enterobacteriaceae-free (E-free) mice obtained from isolators at establishment 1 were used. All animals were female BALB/c mice, 9 weeks of age. The E-free mice were similar to the SPF mice above except they had been shown, by culture, to be free of all Enterobacteriaceae. They were maintained in isolators under conditions as used for germfree animals.
A group of the SPF and E-free mice were given drinking water containing 10 9 org/ml of Enterbacter cloacae for 7 days prior to irradiation. Colonization of these mice with E. cloacae was confirmed by culture of the gut of similarly 299 treated animals. All groups of animals were transferred to a surgically clean room and housed in laminar flow racks with sterilized food, water and bedding for the course of the experiment (Travis et al., 1985) . The uninoculated group of E.-free mice was kept in a separate laminar flow rack.
Irradiation
The mice were irradiated in a perspex box within a sterile isolator as described previously (Travis et al., 1985) . Total body irradiation was obtained by exposure to radiation from a 60COsource at a rate of O' 25 Gy/min to a total dose of 5·75 Gy. The animals were then housed as above for a 30-day period and their mortality was noted daily.
Results
The results of the coliform colonization studies at establishments 1 and 2 are shown in Table 1 . The levels of bacteria in the various sites of the gastrointestinal tract of the mice tested are shown in Table 2 .
Unit 1 showed a sporadic pattern of colonization with coliform bacteria. In most instances the coliform was identified as E. cloacae, though in a limited number of samples Klebsiella oxytoca was found. The levels of the bacteria in the gastrointestinal tract of the mice tested were always below 10 5 organisms/g of sample and in many instances they were only detected after Apri11984  78  17  13  30  2  January 1982  48  100  NT  100  2  January 1983  10  100  NT  100  2  August 1984  70  100  NT  100  3  January 1982  50  0  0  0  3  January 1983  10  0  0  0  3  August 1984  60  0  0  0 NT, Not tested as all animals were positive for primary culture. (21) aMean 10glQ±SD/g of tissue.
bNumber of animals used to obtain mean counts_ enrichment culture, i.e. present in numbers less than 10 3 /g of sample.
As faecal screening for bacteria is a method commonly employed in SPF units to detect contamination, culture of faeces was included as part of the study undertaken in April 1981 at unit 1. We found 32070 of the mice harbouring E. cloacae in their intestines had negative faecal cultures for this bacterium.
In contrast, unit 2 showed consistent colonization of the SPF mice with facultative anaerobes at levels between 1()4 and 10 6 organisms/g of sample both in the intestine and faeces. Two organisms were routinely isolated and these were identified as Escherichia coli and Proteus mirabilis. Differing from both the above cases, no coliform bacteria could be detected in the gastrointestinal tracts of the mice from unit 3.
To test the concept that the problems encountered in unit 1 with their radiobiological experiments could be explained by the microbial status of the animal, a series of experiments was undertaken. Using SPF and E-free (Enterobacteriaceae-free) mice and groups of these animals seeded with E. cloacae in their drinking water, the animals were exposed to a sub-lethal dose of TBI and their mortality noted over a 3D-day period. The results of this are shown in Fig. 1 . Both groups of SPF mice had died by day 21, with the E-free mice seeded with E. cloacae showing a 100% mortality several days later. In contrast, the mortality of the Efree animals within the 30-day period was 50%. This corresponds with the reported LDso: 30 value for BALB/c mice at a dose rate of 5, 75 Gy (Storer, 1966) .
Using Fisher's exact test the difference in death rates for the E-free mice compared with the other animals known to harbour E. cloacae was significantly different at day 21 (P=O·000005) and day 30 (P=0·0004).
Discussion
The problem with the term 'specific pathogen free' (SPF) is that it sounds much more defined than it is in reality. Certainly one can be confident that diseases such as infantile diarrhoea of suckling mice, ectromelia and chronic respiratory diseases are not present. However the microbiota of different SPF colonies is likely to be very different dependent on how the animals were established. Often the dominant bacteria are Gram-positive fusiform shaped clostridia which were not part of the starter cultures, but are the dominant natural microbiota of conventional mice. This phenomenon is more clearly shown by the work of Itoh and Mitsuoka (1980) who colonized germfree animals with cultures of some of the anaerobic fusiforms and clostridia and admitted that they were unable to isolate some of the bacteria that were necessary to control levels of Escherichia coli, a characteristic of a well balanced intestinal micro biota. These authors could not produce gnotobiotic mice with normal physiological functions with pure cultures, but were successful using a starter inoculum of chloroform-treated faeces from conventional mice.
Thus, even though strict barrier conditions are maintained, and different starter· cultures are employed between institutions, in most SPF units, a more conventional microbiota eventually appears in the animals. The time of establishment of this micro biota will vary from colony to colony. In the early stages of establishment there will be low or no colonization resistance. Thus high numbers of coliforms might establish and remain endemic in the colony.
This variability of colonization was noted in the SPF colony at institution 1. Unpredictable results from a series of radiation studies had prompted a close review of the intestinal flora of these animals. The results at institution 1 and comparative studies at the second institution were important as they illustrated the very different coliform status of different SPF colonies. In the first colony there was a low, but variable, 301 loading of E. cloacae, but it was not predictable (e.g. in some animals none of the organisms were detected in their intestines, others were seeded throughout the tract, while others had very low numbers that could only be detected by enrichment culture). Significantly, routine monitoring of faeces did not necessarily reveal the animals colonized by coliforms. Over the years of this study the second colony has had a constantly high loading of Escherichia coli and P. mirabilis while the third colony remained completely free of facultatively anaerobic Gram negative rods for 3 years. Discussion with the Directors of a range of other facilities in Australia confirmed that these differences are widespread as is seen in Table 3 . The presence of these organisms does not necessarily pose a problem, particularly as experimenters would usually be conducting experiments with animals from the same colony. However, it does appear important that we are aware of the status of the animals we work with as aberrant results may sometimes be explained. This is best illustrated by further reference to the radiation experiments carried out as institution 1 and the experiments with these animals reported here. At institution 1, the effect of low doserate total body irradiation (TBI) on haemopoietic and non-haemopoietic lethality was studied in SPF-BALB/c mice. These were long-term studies and large numbers of mice were being used. Extremely variable results were found due to the great differences in the levels of E. cloacae that had established in the mouse colony. Experiments with E-free SPF mice that were maintained in isolators did not show this variability. However, the E-free colony could not produce the number of animals necessary for the experiments. The effect of the E. cloacae on the mortality of mice following sub-lethal TBI is shown in Fig. 1 . There was little difference in the mortality of the SPF animals compared to the SPF animals given constant levels of viable E. cloacae. Presumably the batch of SPF animals selected for this experiment by chance had a significant loading of the E. cloacae and thus there was not much difference in the 2 groups. However, the difference between the E-free animals and the E-free mice inoculated with high levels of E. cloacae was dramatic. Given the aim of the TBI studies was to look at tissue damage at varying radiation dose rates the problem of variable results was overcome by inoculating all animals (Travis et al., 1985) , a drastic step but only possible when the microbial status of the animals was fully appreciated. Another example of where variations of colonization by Gram-negative bacteria may influence results is seen in experiments with mice lethally irradiated and transfused with allogeneic (H-2 histocompatible) bone marrow cells. It was considered scientific dogma that these animals developed lethal graft-versus-host disease (GVHD). This is now known to depend on the status of the microbiota of the animals being used. If significant numbers of Enterobacteriaceae are present in the intestinal tract the GVHD will occur, no coliforms, no GVHD (Pollard et al .• 1976; Waer et al., 1984; Schmeiser, et al., 1985) . Presumably this effect relates to the loading of endotoxin. Rogers has shown that the coliform population is responsible for the overall level of faecal endotoxin (Rogers et al., 1985) . Also Balish has noted that shortly after birth the immune systems of conventional animals are stimulated by the microbial flora and comments that the composition of the micro biota could play a key role in the development of both humoral and cellular immunity (Balish et al., 1973) .
The major aim of the NH & MRC in recommending the use of SPF animals for biomedical research in Australia is to reduce the variability of results known to arise from the use of conventional stock. However, from the results reported in this study, it is clear that specification of an animal as SPF is not enough.
The maintenance of E-free SPF stock for long periods of time is difficult unless they are maintained in isolator conditions. Realistically, researchers have to accept SPF animals colonized with Enterobacteriaceae but the status of the animals should be known. This should include the following information: (i) the species of Gram-negative facultatively anaerobic rods present, (ii) the average faecal load of these organisms and (iii) the average proportions of animals colonized. (Note faecal screening alone is not sufficient, caecal culture is necessary).
There will be a continuing need for high quality SPF rodents. Researchers intending to establish new units should be aware of the issues discussed in this paper and take particular care
